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NlpE, an outer membrane lipoprotein, functions
during envelope stress responses in Gram-neg-
ative bacteria. In Escherichia coli, adhesion to
abiotic surfaces has been reported to activate
the Cpx pathway in an NlpE-dependent man-
ner. External copper ions are also thought to ac-
tivate the Cpx pathway mediated by NlpE. We
determined the crystal structure of NlpE from
E. coli at 2.6 A˚ resolution. The structure showed
that NlpE consists of two b barrel domains. The
N-terminal domain resembles the bacterial lipo-
calin Blc, and the C-terminal domain has an
oligonucleotide/oligosaccharide-binding (OB)
fold. From both biochemical analyses and the
crystal structure, it can be deduced that the
cysteine residues in the CXXC motif may be
chemically active. Furthermore, two monomers
in the asymmetric unit form an unusual 3D do-
main-swapped dimer. These findings indicate
that tertiary and/or quaternary structural insta-
bility may be responsible for Cpx pathway
activation.
INTRODUCTION
Stress responses in the bacterial cell envelope are trans-
mitted to the cytoplasm, in which gene expression is reg-
ulated in order to maintain the quality of the envelope. In
Escherichia coli, three signal transduction pathways,
Cpx, sE, and Bae, have been reported as envelope stress
responses (Duguay and Silhavy, 2004; Raffa and Raivio,
2002). The Cpx pathway is activated by a variety of
stresses, such as alteration in extracellular pH, defects
in the inner membrane, and extracellular high osmolarity
(Jubelin et al., 2005; Ruiz and Silhavy, 2005). Activation
of the Cpx pathway induces expressions of periplasmic
proteins, which contain the disulfide oxidase DsbA, the
two peptidyl-prolyl isomerases (PPIases) PpiA and PpiD,
and the protease chaperone DegP (Danese and Silhavy,
1997; Danese et al., 1995; Dartigalongue and Raina,
1998; Pogliano et al., 1997). Based on these propertiesStructure 15, 963of the Cpx pathway, the activating signals are probably
related to the accumulation of misfolded or mislocated
proteins in the envelope. Envelope stress responses
play important roles in infection by many Gram-negative
bacterial pathogens (Raivio, 2005; Rowley et al., 2006).
The Cpx envelope stress response is a two-component
signal transduction pathway consisting of an inner-mem-
brane histidine kinase, CpxA, and a cytoplasmic response
regulator, CpxR. CpxA is a transmembrane protein with
a periplasmic sensor domain and a cytoplasmic auto-
phosphorylation domain. Activation of CpxA leads to the
autophosphorylation of CpxA, after which a phospho-
transfer reaction from CpxA to CpxR takes place. The
phosphorylation of CpxR activates its binding to multiple
regulation sites and increases the transcription of target
genes (De Wulf et al., 2002). A periplasmic chaperone,
CpxP (Danese and Silhavy, 1998), and an outer membrane
lipoprotein, NlpE (Snyder et al., 1995), have been identi-
fied as additional components of the Cpx pathway.
CpxP associates with the sensor domain of CpxA and re-
duces Cpx-regulated gene expression (Raivio et al.,
1999). Proteolysis of CpxP mediated by DegP induces
Cpx pathway activation in response to PapE/PapG mis-
folding or to alkaline pH (Buelow and Raivio, 2005; Isaac
et al., 2005).
NlpE is anchored to the outer membrane through the
lipid attached to its N-terminal cysteine. Adhesion to abi-
otic surfaces has been reported as an NlpE-dependent
activation cue of the Cpx pathway (Otto and Silhavy,
2002). Bacterial adhesion is an important step for biofilm
formation, which causes environmental problems and in-
fections (Dorel et al., 1999; Lejeune, 2003; Van Houdt
and Michiels, 2005). A relationship between NlpE and bio-
film formation was also pointed out by a proteome analy-
sis of Acinetobacter baumannii (Siroy et al., 2006). The
expression level of NlpE is higher in a clinical, multidrug-
resistant strain of the bacterium than in a reference strain.
In addition, overproduction of NlpE activates the Cpx
pathway (Snyder et al., 1995), and it has frequently been
utilized for a Cpx-specific activation signal in studies of
the Cpx pathway (Connolly et al., 1997; Danese and Sil-
havy, 1998; DiGiuseppe and Silhavy, 2003; Gubbins
et al., 2002; Langen et al., 2001). NlpE has also been char-
acterized as a copper homeostasis protein ,CutF (Gupta
et al., 1995), because nlpE and cutF are the same gene.–976, August 2007 ª2007 Elsevier Ltd All rights reserved 963
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Crystal Structure of NlpEMutation of the cutF gene has been reported to generate
a copper-sensitive or temperature-sensitive phenotype
in E. coli. NlpE from E. coli possesses characteristic se-
quence motifs, such as the Cys-X-X-Cys (CXXC) motif
(31-CADC) and the serine protease inhibitor signature
(99-MLDREGNPIESQFNYTL). Therefore, the structural in-
formation could provide critical insights into the functional
aspect of NlpE.
While the Cpx signal transduction pathway has been in-
tensely studied, themolecular mechanism for inducing the
Cpx response remains ambiguous. In this paper, we use
data from crystallographic and biochemical studies to
report the properties of NlpE, and we discuss possible
molecular mechanisms for NlpE-mediated activation of
the Cpx pathway.
RESULTS AND DISCUSSION
Structure Determination of NlpE
For biochemical experiments and crystal structure deter-
minations, we utilized water-soluble C1A mutants of
NlpE that have no lipids attached to their N terminus, be-
cause the lipid is highly hydrophobic and thusmakes it dif-
ficult to perform these studies. Purified NlpE lost the signal
sequence and 10 residues at the N terminus, which we
previously confirmed by MALDI-MS experiments and
western blot analyses (Hirano et al., 2006).
Crystals of NlpE were obtained in several conditions,
but only tetragonal crystals (space group P43212) were
suited for structural determination. Structural determina-
tion was performed by the MAD method with a crystal of
selenomethionine-substituted NlpE. An initial electron
density map after density modification calculated at 3.1 A˚
resolution was difficult to use for main chain tracing, but an
electron density map calculated with structural factors
applying B factor sharpening enabled us to trace the Ca
atoms (DeLaBarre and Brunger, 2006) (Figure 1A). For
the residue assignment, we utilized an anomalous-differ-
ence Fourier map of the data for selenomethionylated
NlpE collected with a peak wavelength or of the data for
unlabeled NlpE collected with a wavelength of 1.6 A˚, indi-
cating the positions of selenium or sulfur, respectively
(Figure 1A). A data set of unlabeled NlpE was collected
and refined to 2.8 A˚ resolution (Table 1). The highest
(2.6 A˚)-resolution data set was finally obtained with a
crystal by using selenomethionylated NlpE; the final
sA-weighted 2Fo  Fc electron density map is shown in
Figure 1B. There are essentially no structural differences
between the unlabeled and the selenomethionine-labeled
proteins, giving a root-mean-square (rms) distance of
0.40 A˚ for the Ca atoms. Structural discussions will be
hereafter based on the crystal structure of selenomethio-
nylated NlpE with the highest resolution.
The tetragonal crystals contain 16 molecules in the unit
cell (Figure 1C) and 2 molecules in the asymmetric unit.
Each molecule consists of two domains, and connections
between the domains of the two molecules are very com-
plicated (Figure 1C). At the first stage of model building,
we constructed two molecules related by a noncrystallo-964 Structure 15, 963–976, August 2007 ª2007 Elsevier Ltd Algraphic, two-fold axis. With progress in refinement, the re-
gion between the N-terminal domain and the C-terminal
domain in one of the twomolecules was found to be incor-
rect. Guided by the simulated annealing omit map of the
interdomain connection, we finally selected the symme-
try-related position for the C-terminal domain.
For the two molecules in the asymmetric unit, we mod-
eled residues 21–214 in chain A and residues 20–187 and
193–214 in chain B. Residues 188–192 in chain B are dis-
ordered, as are nearly 10 residues of each chain in the N
terminus and 20 residues (including the C-terminal exten-
sion) of the two chains in the C terminus. The N-terminal
domain consists of an 8-stranded, antiparallel b barrel
(21–118), and the C-terminal domain consists of a
5-stranded, antiparallel b barrel and an a helix (126–213).
NlpE homologs are categorized into two types (Figure 2).
Type I consists of 210 residues; type II, 130 residues.
The difference in the number of residues corresponds to
the domain composition: Type I has both N- and C-termi-
nal domains, whereas type II has only an N-terminal
domain. However, like type I NlpE from E. coli, type II
NlpE fromA. baumannii is also involved in adhesion to abi-
otic surfaces (Siroy et al., 2006).
3D Domain Swapping
The two molecules in the asymmetric unit make a 3D do-
main-swapped dimer in which the N-terminal domain of
one chain and the C-terminal domain of another chain
come very close to each other (Figure 3A). This domain
swapping was confirmed by checking the crossing region
of the two chains. The sA-weighted Fo  Fc electron den-
sity map calculated by omitting residues Glu108Asn112
clearly displays the correct chain-running direction
(Figure 3B). This configuration of the domain swapping
is unusual compared to the 3D domain swapping that
has been observed thus far (Liu and Eisenberg, 2002);
however, there are a few exceptions, including cyclophilin
(Limacher et al., 2006). While the N terminus or C terminus
regions are exchanged in most of the domain-swapped
proteins, the middle part of the polypeptide chains is in-
volved in the NlpE structure. One of the strands (b-i) in
each N-terminal b barrel is made of an alternative chain
in the asymmetric unit. The strand has fewer interstrand
hydrogen bonds than other strands of the N-terminal
barrel (Figure 3C). This causes asymmetric distribution
of interstrand hydrogen bonds in the N-terminal barrel.
The C-terminal domains fold after the strands (Figures
3A and 3D). On the other hand, analysis of data gathered
via size-exclusion chromatography suggests that NlpE
exists as a monomer in solution (Figure 3E). Although the
elution position corresponded to a molecular weight that
was between those of the monomer (24.6 kDa) and the di-
mer (49.2 kDa), NlpE is considered to elute as a monomer
from the column because, due to the flexibility between
the N-terminal and C-terminal domains (see below), its
shape is expected to be larger than globular proteins
with the same molecular weight (Ye, 2006). Thus, NlpE
may exist as a monomer in vivo.l rights reserved
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Crystal Structure of NlpEFigure 1. Electron Density Maps and Crystal Packing of NlpE
(A) Sharpened electron densitymap (Bsharp =50 A˚2) after densitymodification obtained by theMADmethod. Electron densities are depicted by light-
blue mesh contoured at 1.0s. Anomalous-difference Fourier maps calculated with data for selenomethionylated NlpE collected at the peak wave-
length or data for unlabeled NlpE collected at 1.6 A˚ wavelength are indicated by green mesh (5.0 s) or red mesh (4.0 s), respectively. The final model
is shown by stick representation.
(B) Final sA-weighted 2Fo  Fc electron density map. Electron densities are depicted by light-blue mesh contoured at 1.0s and by red mesh con-
toured at 4.0s. The final model is shown by stick representation.
(C) Stereo representation of the crystal packing in the tetragonal crystal. The two polypeptide chains utilized for structural determination are colored
blue (the N-terminal domain) and cyan (the C-terminal domain), and orange (the N-terminal domain) and yellow (the C-terminal domain). The linker of
each polypeptide chain is colored pink. Other symmetry mates are colored gray for clarification.In nonphysiological pH or in high concentrations of pro-
teins at crystallization conditions, unfolding of proteins or
oligomerization may be promoted (Liu and Eisenberg,
2002;Minton, 2000). Crystals of NlpEwere obtained under
a severe condition at a high concentration of proteins
(25 mg/ml) and below pH 4.5, and these circumstances
may cause unfolding and 3D domain swapping. To exam-
ine how a domain-swapped dimer is reconstituted from
two NlpE monomers, we constructed a hypothetical
monomer model from the domain-swapped crystal struc-
ture (Figure 4A). When we constructed the monomer
model, the chain-crossing region at residue Gln110 was
considered to be the turning point of the two monomers
(Figure 3B and gray, dashed line in Figure 3D). In the
monomer model, a highly flexible region of Leu100–
Pro126 exists between the N-terminal domain and the
C-terminal domain (Figure 4A). This 27 residue regionStructure 15, 963has few interactions with the rest of the molecule, while
the domain-swapped dimer has an extra b sheet (b-h
and b-h*) in this region (Figures 3A and 3D). Thus, 3D
domain swapping can be more favorable for NlpE than
its existence as a monomer in extreme conditions. In the
3D domain-swapped dimer, NlpE shows a different
arrangement of the N-terminal domains relative to the
C-terminal domains (Figure 3A). Although this difference
results from the crystal packing (Figure 1C), the two
domains can easily change their relative positions even
in solution (Figure 4B). This domain movement can facili-
tate unfolding of the N-terminal domain at the adjacent
b-i strand.
Disulfide Bonds in NlpE
The oxidized condition of the periplasm in E. coli requires
Dsb proteins for correct disulfide bond formation of–976, August 2007 ª2007 Elsevier Ltd All rights reserved 965
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Crystal Structure of NlpETable 1. Data Collection, Phasing, and Refinement Statistics
Se-Met MAD Se-Met Unlabeled
High Remote Peak Edge Low Remote High Resolution
Diffraction Data
Space group P43212 P43212 P43212
Cell constants (A˚) a = b = 121.6;
c = 84.5
a = b = 121.4;
c = 84.5
a = b = 121.2;
c = 83.9
Wavelength (A˚) 0.9700 0.9792 0.9797 0.9900 1.0000 1.6000
Resolution (A˚) 50–3.1 (3.21–3.10) 30–2.6 (2.69–2.60) 40–2.8 (2.90–2.80)
Unique reflections 11,615 11,657 11,529 11,637 18,942 15,130
Redundancy 8.7 8.7 8.7 8.7 8.6 7.9
Rsym (%)
a 11.7 (29.3) 12.1 (30.6) 11.3 (30.2) 11.1 (30.8) 6.4 (28.7) 8.1 (30.6)
I/s(I) 16.7 (2.8) 16.4 (2.8) 16.0 (2.8) 16.2 (2.6) 24.2 (2.7) 22.6 (2.4)
Completeness (%) 96.7 (84.0) 96.4 (83.6) 96.0 (80.3) 95.7 (79.9) 94.3 (80.3) 95.0 (75.3)
MAD phasing
Resolution (A˚) 50 –4.0
Phasing powerb 2.87/1.37 2.51/2.00 1.56/1.24
Overall FOMc 0.72/0.66
Refinement
Resolution (A˚) 30–2.6 40–2.8
Rwork (%)
d 22.4 24.1
Rfree (%)
d 27.0 27.9
Number of protein
atoms
2,869 2,948
Number of solvent
atoms
48 5
Average B factor (A˚2) 49.1 58.2
Rms bonds
(A˚), angles ()
0.008, 1.42 0.009, 1.37
Ramachandran
plot (%)e
84.5/14.3/1.2/0 80.5/18.5/0.9/0
Values in parentheses represent the highest resolution shell.
a Rsym =
P
hkl
P
i jIhkl,i  <Ihkl> j/
P
hkl
P
i Ihkl,i, where Ihkl,i is the i
th measured diffraction intensity, and <Ihkl> is the average of the
intensity. Bijvoet pairs of the Se-Met data were kept separate but were scaled simultaneously, and Rsym values were calculated
with the Bijvoet pairs merged.
bDispersive differences relative to high remote data/anomalous differences.
c Centric reflections/acentric reflections.
d R =
Pj jFoj  jFcj j/
PjFoj.
eMost favored/additionally allowed/generously allowed /disallowed regions.extracytoplasmic proteins (Bardwell et al., 1991; Naka-
moto and Bardwell, 2004). Therefore, we constructed
NlpE that carries a signal sequence for targeting to the
periplasm and purified soluble NlpE proteins from the peri-
plasmic fraction. In detecting the free thiol groups of NlpE
by using biocytin and streptavidin horseradish peroxidase
(streptavidin-HRP), reduced cysteines were observed in
either the presence or absence of a reducing agent
(Figure 5A). Increase of the signal of streptavidin-HRP
and up-shift of the band on a nonreducing SDS-PAGE
gel with addition of the reducing agent indicate that NlpE966 Structure 15, 963–976, August 2007 ª2007 Elsevier Ltd All rpossesses cysteines in both reduced and oxidized (i.e.,
forming a disulfide bond) states. The disulfide bond
must be formed intramolecularly instead of intermolecu-
larly because NlpE exists as a monomer (Figure 3E).
We next examined which cysteines of the four are
in a reduced state with six cysteine mutants of
NlpE (NlpE-C31S, -C34S, -C31SC34S, -C145S, -C211S,
and -C145SC211S; NlpE is the C1A mutant, so NlpE-
C31S expresses the C1AC31S mutant). In the absence
of a reducing agent on nonreducing SDS-PAGE, NlpE
formed a single band, whereas in the presence of reducingights reserved
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Crystal Structure of NlpEFigure 2. Sequence Alignment of NlpE Homologs
Proteins homologous to E. coliNlpEwere aligned by using CLUSTALX (Thompson et al., 1994) with somemanual modifications. The secondary struc-
ture of E. coli NlpE observed in the crystal structure is shown above the sequence alignment. Arrows and bars indicate b strands and a helices, re-
spectively. Homologs of NlpE from Escherichia coli (Eco), Shigella flexneri (Sfl), Salmonella typhimurium (Sty), Yersinia pestis (Ype), Pectobacterium
atrosepticum (Pat), and Photorhabdus luminescens (Plu) are categorized as type I. Homologs of NlpE from Vibrio cholerae (Vch), Shewanella onei-
densis (Son),Acinetobacter sp. (Asp),Bordetella parapertussis (Bpa), andBacteroides fragilis (Bfr) are categorized as type II. Fully conserved residues
among the 11 species are shown as white characters and are shaded red. Strongly conserved or weakly conserved residues are shaded dark or light
orange, respectively. Fully conserved residues of type I are shaded dark pink. Fully conserved residues of type II are shaded light pink. Cys145 and
Cys211 are connected with a light-green line. Each of the sequence motifs observed in NlpE from E. coli is surrounded by a square in the sequence
alignment.agent, NlpE appeared in two bands, one with the same
molecular weight as NlpE in the absence of reducing
agent and the other a slightly slower-migration component
(Figure 5B). Because NlpE that maintains its disulfide
bond may form a more compact conformation in the
SDS-PAGE gel than that which has lost its disulfideStructure 15, 963–bond, it is likely that the lower and upper bands corre-
spond to the oxidized and reduced monomers, respec-
tively. In either the absence or presence of a reducing
agent, NlpE-C145SC211S formed only a monomer corre-
sponding to the reducedmonomer of NlpE. Thus, an intra-
molecular disulfide bond is present between Cys145 and976, August 2007 ª2007 Elsevier Ltd All rights reserved 967
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Crystal Structure of NlpEFigure 3. 3D Domain-Swapped Dimer Observed in the Crystal Structure of NlpE
(A) Ribbon representation of NlpE in the asymmetric unit. Each polypeptide chain corresponding to the N-terminal and C-terminal domains is colored
either blue or orange. Connecting regions between the N-terminal and the C-terminal domains are colored dark or light pink. Disulfide bridges be-
tween Cys31 and Cys34 and between Cys145 and Cys211 are shown as stick models.
(B) Stereo representation of the electron density map in the vicinity of the chain-crossing region. The sA-weighted Fo  Fc electron density map is
calculated by omitting residues Glu108–Asn112 of the two chains. Themap describes electron densities contoured at 3.5s. The different polypeptide
chains shown as stick models are colored dark or light pink. Some of the residues in front of the chain-crossing region are deleted for clarification.
(C) Interstrand hydrogen bonds in the N-terminal b barrel. Main chain atoms of strands near the b-i strand are shown as stickmodels. Carbon atoms of
the b-i strand and the others are colored light pink and white, respectively.
(D) Topology diagram of NlpE. The color code is the same as in (A). The gray, dashed line indicates the region of the expected monomer.
(E) Size-exclusion chromatography of NlpE. The main peak eluted at 16.6 ml, corresponding to the molecular weight of a monomer.968 Structure 15, 963–976, August 2007 ª2007 Elsevier Ltd All rights reserved
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Crystal Structure of NlpEFigure 4. A Hypothetical Monomer Model of NlpE
(A) Ribbon representation of the hypothetical monomer model. The N-terminal domain is colored blue, and the C-terminal domain is colored orange.
Residues Leu100–Pro126, corresponding to the connecting region in the domain-swapped structure, are colored pink. Two disulfide bonds (Cys31-
Cys34 and Cys145-Cys211) are shown as stick models. The positions of the two sequence motifs are colored green (CXXC) and red (protease in-
hibitor signature). The right panel is rotated 90 around the horizontal axis from the left panel. The position of the outer membrane (OM) is indicated
in the left panel. A predicted position of disordered N-terminal residues and the lipid is also indicated in the left panel.
(B) Superposition of the twomonomers in the asymmetric unit. Twomonomers are constructed from the crystal structure of NlpE (Figure 3A). The two
monomers are superposed on the N-terminal domains. The C-terminal domains go in the opposite directions immediately at the end of the b-i strand.
The two C-terminal domains can superpose by rotating 180 degrees around the b-i axis.
(C) The CXXC and protease inhibitor signature motifs. The positions of the CXXC and protease inhibitor signature motifs are indicated with dotted
circles that are colored green and red, respectively. Residues of these two motifs are shown as stick models. View from the same direction as the
right panel of (A).Cys211. As mentioned above, 8 mM 2-mercaptoethanol
(2-ME) could change the partial fraction of the oxidized
monomer of NlpE into the reducedmonomer. We took ad-
vantage of this to examine the redox conditions of the
other cysteine mutants in order to determine which cyste-
ines are involved in intramolecular disulfide bond forma-
tion. In the presence of 2-ME, NlpE-C145S and -C211S
showed the reduced monomer, while NlpE-C31S and
-C34S formed both the oxidized and reduced monomers,
similar to NlpE. Moreover, NlpE-C31SC34S showed the
same migration pattern as that observed in NlpE, both in
the absence and presence of the reducing agent. These
results show that Cys31 and Cys34 have no effect on
the intramolecular disulfide bond. In the absence of 2-
ME, on the other hand, NlpE-C31S, -C34S, -C145S,
and -C211S produced up-shifted bands different from
the oxidized and reduced monomers. The major up-
shifted bands shown above and below the 50 kDa marker
correspond to dimers that are nonspecifically formed by
intermolecular disulfide bridges. The mobility difference
of the dimer bands under oxidizing conditions is caused
by the positions at which the intermolecular disulfideStructure 15, 963–9bonds are formed. NlpE-C211S forms an intermolecular
disulfide bond between Cys145 residues, and the disul-
fide bond is located more near the center of the polypep-
tides than it is in the other cysteine mutants. Thus, the
NlpE-C211S dimer migrated in the SDS-PAGE gel more
slowly than dimers of other cysteine mutants under oxidiz-
ing conditions. We also confirmed the dimer formation by
MALDI-MS experiments (data not shown). Bands other
than the monomers and dimers of NlpE-C31S, -C34S,
-C145S, and -C211S may be degraded products due to
the malformation of proteins created by mutation. In the
experimental conditions, Cys31 and Cys34 are in a re-
duced state, and an intramolecular disulfide bond is
formed between Cys145 and Cys211.
In the crystal structure, disulfide bonds Cys31-Cys34
and Cys145-Cys211 are formed (Figures 5C and 5D).
These four cysteine residues are located at the protein en-
velope accessible to the solvent (Figure 3A). The disulfide
bond between Cys145 andCys211 constitutes the sole in-
teraction with the rest of the C-terminal domain in residues
Pro207–Ser213 (Figure 5D). Taking the biochemical anal-
yses into account, Cys31 and Cys34 can form either free76, August 2007 ª2007 Elsevier Ltd All rights reserved 969
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Crystal Structure of NlpEFigure 5. Disulfide Bonds in NlpE
(A) Some cysteine residues appeared in their reduced state. Free thiol groups modified by biocytin were detected by streptavidin-HRP in either the
absence or presence of the reducing agent TCEP.
(B) SDS-PAGE analysis of NlpE and its mutants. NlpE and six cysteine mutants of NlpE were separated by 15% SDS-PAGE in either the absence or
presence of 8 mM 2-ME. The positions of the oxidized and reduced monomers and dimers are indicated on the right side of the gel.
(C) Disulfide bridge between Cys31 and Cys34. sA-weighted Fo Fc electron density map calculated by omitting residues 29–36, contoured at 4.0s
(light-blue mesh), and an anomalous-difference Fourier map calculated from data of unlabeled NlpE collected at 1.6 A˚ wavelength, contoured at 5.0s
(red mesh).
(D) Disulfide bridge between Cys145 and Cys211. sA-weighted Fo Fc electron density map calculated by omitting residues 142–148 and 208–214,
contoured at 2.0s (light-blue mesh), and an anomalous-difference Fourier map calculated from data of unlabeled NlpE collected at 1.6 A˚ wavelength,
contoured at 4.0s (red mesh).thiol groups or an intramolecular disulfide bond. The disul-
fide bond between Cys31 and Cys34 may be facilitated
during the 1 week incubation for crystallization.
Effect of Sodium Ascorbate and Copper Ion
NlpE with a weak reducing agent (sodium ascorbate)
shows the same migration pattern on the SDS-PAGE gel
as that without any reducing agent (Figure 6A). The Na-
tive-PAGE experiments, on the other hand, showed that
the migration pattern of NlpE is different in the absence
and in the presence of sodium ascorbate (Figure 6B).
Several faster-migrating bands are recognized in the
presence of sodium ascorbate. The standard reduction
potentials (at pH 7, 25C) of dehydroascorbic acid/ascor-
bic acid (60 mV) and cystine/cysteine (340 mV) indicate
that sodium ascorbate functions as an oxidizing agent for
cysteine residues. Thus, sodium ascorbate may generate
the disulfide bonds at the CXXC motif. When Cys31 and970 Structure 15, 963–976, August 2007 ª2007 Elsevier Ltd AllCys34 form a disulfide bond, the loop at the CXXC motif
is rigid. The rigidity of the loop may affect migration speed
on the Native-PAGE gel. On the other hand, slower-
migrating components in the presence of 2-ME may be
caused by the disruption of disulfide bonds between
Cys145 and Cys211. Cu2+ ions also produced the similar
migration pattern as that of sodium ascorbate both on
SDS-PAGE and on Native-PAGE (Figures 6A and 6B).
These observations suggest that Cu2+ ions have a similar
effect on the rigidity of the CXXC motif. Therefore, the
structure of NlpE is susceptible to solution conditions
such as the redox state and the existence of ions, and it
is easy to change under these conditions.
Sequence Motifs of NlpE from E. coli
In the amino acid sequence of NlpE, there are interesting
sequence motifs that imply the functions shown in
Figure 2. The CXXC motif is likely to coordinate metalrights reserved
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Crystal Structure of NlpEatoms. Indeed, NlpE has been characterized as a copper
homeostasis protein (Gupta et al., 1995). The CXXC motif
is located on a loop connecting the b-a and b-b strands
(Figure 4C) and is highly conserved in the homologs of
NlpE (green box in Figure 2). The cysteine residues
Cys31 and Cys34 were observed to be in a reduced state
in solution, but together they formed an intramolecular di-
sulfide bond in the crystal structure (Figure 5C). Thus, the
involvement of Cys31 and Cys34 in metal coordination is
ambiguous, because these cysteines can chelate metal
ions only in the reduced free state. A highly conserved res-
idue, Asp33, in the motif is also suitable for chelating diva-
lent cations. Most parts of the protease inhibitor signature
motif are positioned on a loop connecting the b-g and b-i
strands (red box in Figure 2), while the loop forms the b-h
strand in the domain-swapped dimer. The inhibitor signa-
Figure 6. Structural Instability of NlpE
(A) SDS-PAGE analysis of NlpE. Effects of copper ions and reducing
agents were examined.
(B) Native-PAGE analysis of NlpE. CuCl2 and sodium ascorbate pro-
duced down-shifted bands, whereas 2-ME produced an up-shifted
band.Structure 15, 9ture is located close to the CXXCmotif (Figure 4C), and the
position implies its involvement in the regulation of the
CXXC motif.
The Related Structures of the N-Terminal
or the C-Terminal Domain
The N-terminal b barrel of NlpE has structural similarities
to the bacterial lipocalin Blc, which has been reported to
bind lipids to the cavity of the barrel (Campanacci et al.,
2006). Blc is expressed under stress conditions and trans-
ports fatty acids bound in its cavity for maintenance of the
cell envelope. Superposition of 68 Ca atoms between the
N-terminal domain and Blc (PDB code 1QWD) gave an
rms distance of 2.2 A˚ (Figure 7A). The open side of each
cavity faces the opposite direction than the N terminus,
where the proteins are anchored to the outer membrane
(Figure 4A); moreover, the size of the N-terminal b barrel
is approximately the same as that of Blc (Figure 7A). Aro-
matic and hydrophobic residues mainly form the cavity
wall of the N-terminal barrel of NlpE (Figure 7B), but there
are some polar and charged residues, as seen in Blc.
Some discrepancies with Blc can also be pointed out
(Figure 7A). While Blc is composed of an 8-stranded, anti-
parallel b barrel and one a helix, the N-terminal domain of
NlpE is constructed of only the 8-stranded, antiparallel
b barrel. Additionally, the cavity of NlpE is shallower and
broader than that of Blc. On the other hand, siderocalin,
a member of the eukaryotic lipocalin family, has a shal-
lower and broader cavity (Holmes et al., 2005). While the
cavity of siderocalin is surrounded by positively charged
residues that are appropriate for binding a ferric sidero-
phore, that of NlpE is surrounded not by positively
charged residues, but by a few negatively charged resi-
dues. The cavity wall of the N-terminal domain of NlpE
consists of many conserved residues; in particular, the en-
trance of the cavity where the CXXC motif is located is
highly conserved (Figure 7C). Loops at the same position
are thought to be involved in regulations of binding ligands
to b barrels of eukaryotic lipocalins (Flower et al., 2000).
The length of the loop is different between bacterial lipo-
calins (5 residues) and eukaryotic ones (15 residues)
(Bishop, 2000; Flower et al., 2000); that of NlpE (5 resi-
dues) is the same as that of bacterial lipocalins (Figure 2).
Structural resemblances are also found in the putative pi-
lot protein MxiM, which regulates the structural integrity of
secretin proteins by the binding or release of phospholipid
to/from its cavity (Lario et al., 2005).
The C-terminal domain of NlpE has structural similari-
ties to the proteins containing an oligonucleotide/oligo-
saccharide-binding (OB) fold (Arcus, 2002; Murzin,
1993). Superposition of 57 Ca atoms between the C-ter-
minal domain and the N-terminal domain (residues 1–
104) of aspartyl-tRNA synthase (AspRS) from E. coli
(PDB code 1C0A) gave an rms distance of 1.6 A˚ (Eiler
et al., 1999) (Figure 8A). Cysteine residues (Cys145 and
Cys211), which form the disulfide bond in the crystal
structure, are completely conserved in type I homologs
(Figure 2), while no corresponding residues are found in
other OB-fold proteins. The surface of the C-terminal63–976, August 2007 ª2007 Elsevier Ltd All rights reserved 971
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Crystal Structure of NlpEFigure 7. Structural Properties of the N-Terminal Domain of NlpE
(A) Stereoscopic view of superposition between the N-terminal domain of NlpE (blue) and Blc (magenta, PDB code 1QWD). The rms distance of 68 Ca
atoms is 2.2 A˚.
(B) The hydrophobic environment of the cavity of the N-terminal b barrel. View from the upside of the cavity. The aromatic residues (Phe, Trp, and Tyr)
and the hydrophobic residues (Ala, Cys, Gly, Ile, Leu, Met, Pro, and Val) are colored green and light green, respectively.
(C) The conserved residues of the cavity of the N-terminal b barrel. View from the same direction as in (B). The fully conserved residues are colored red.
The strongly conserved residues and the weakly conserved residues are colored dark-orange and light orange, respectively. The fully conserved res-
idues in type I NlpE homologs are colored dark pink (also see Figure 2).domain does not possess a patch with positive potential,
which has been observed around oligonucleotide-binding
sites in most oligonucleotide-binding proteins (Figures 8B
and 8C). The corresponding site in NlpE has negative po-
tential, and this feature on the molecular surface has been
reported in novel bacterial OB-fold proteins (Ginalski et al.,
2004). In the periplasmic space of E. coli, candidate
components for the binding of NlpE include lipids, lipo-
polysaccharides, and peptidoglycans. The existence of
type II homologs implies that the C-terminal domain
of NlpE may give assistance to the binding of molecules
to the N-terminal domain (Figure 2).
Implications for the Activation of the Cpx Pathway
Structural features observed in this study indicate that the
Cpx pathway activation mediated by NlpE may be owing
to any one or a combination of several structural changes,
such as cleavage and formation of the disulfide bond at972 Structure 15, 963–976, August 2007 ª2007 Elsevier Ltd Allthe CXXC motif, and unfolding/misfolding of the N-termi-
nal domain. In PapE-mediated activation of the Cpx path-
way, folding intermediates of the P pilus subunit are es-
sential for activation (Lee et al., 2004). The unfolded
proteins can interact with CpxP, and these complexes
are degraded by the periplasmic protease DegP (Buelow
and Raivio, 2005; Isaac et al., 2005). The dissociation of
CpxP from the sensor domain of CpxA induces Cpx signal
transduction. Thus, unfolded NlpE is also plausibly related
to activation of the Cpx pathway responding to the adhe-
sion. Unfolding of the single b strand at the b barrel of NlpE
is a notable similarity to the loss of donor strand comple-
mentation in PapE causing activation of the Cpx pathway
(Lee et al., 2004; Remaut and Waksman, 2006). Thus,
NlpE might monitor the structure of pili or otherwise
extracellular components such as curli that are involved
in biofilm formation. It is important for Cpx pathway activa-
tion that structural changes of NlpE are induced by therights reserved
Structure
Crystal Structure of NlpEFigure 8. Structural Properties of the C-Terminal Domain of NlpE
(A) Stereoscopic view of superposition between the C-terminal domain of NlpE (orange) and the N-terminal domain (residues 1–104) of AspRS from
E. coli (cyan, PDB code 1C0A). The rms distance of 57 Ca atoms is 1.6 A˚.
(B) Surface of the C-terminal domain of NlpE colored red and blue, representing electrostatic potentials from15 to +15 kBT (kB, the Boltzmann con-
stant; T, the absolute temperature). View from the same orientation as in (C).
(C) Surface of the N-terminal domain of AspRS colored the same as in (B). View from the DNA-binding site.stresses from the outside of the cell prior to those of the
other proteins. Thus, NlpE anchoring to the outer mem-
brane can work as a detector of the stresses. Unfolding/
misfolding can be seen even in type II homologs, because
they contain a corresponding region followed by the b-i
strand in the crystal structure of E. coli NlpE (Figures 2,
3A, and 3D). The orientation of the N-terminal end of the
monomer model indicates that the outer membrane is
shown in the upper side of the left panel of Figure 4A. Un-
folding at the b-i strand makes an unstructured region of
27 residues (Leu100–Pro126), and the C-terminal domain
will go away from the outer membrane (Figure 3A). If the
residues and the N-terminal 20 residues form an extended
conformation, the length of these residues reaches more
than 160 A˚. Therefore, unfolded NlpE can access the
CpxA kinase from the anchored site on the outer mem-
brane. The change of orientation between the N-terminal
and C-terminal domains is also a possible mechanism
for activation of the Cpx pathway (Figure 4B), instead of
the drastic structural change. It is also suggested that an
external copper ion stimulates the Cpx pathway mediatedStructure 15, 963by NlpE (Yamamoto and Ishihama, 2005). Copper ions
may change the flexibility of the loop at the CXXC motif
by coordination or oxidation. The disturbance at the
CXXCmotif in response to the external copper concentra-
tion can induce unfolding of the N-terminal domain, be-
cause the CXXC motif and the domain-swapped region
are close to each other. Thus, copper ions can regulate
the transfer of signals to the downstream Cpx pathway.
In the case of overexpression of NlpE, unfolding/mis-
folding of NlpE may also be involved in activation of the
Cpx pathway. In this condition, some of the accumulated
NlpE at the outer leaflet of the innermembrane can escape
from the chaperone machinery that assists with the cor-
rect 3D structure formation. Especially in the chaperone
machinery, profound effects on the structure of NlpE
may depend on correct disulfide bond formation by the
Dsb proteins. These aberrant NlpE proteins may not be
transferred to the outer membrane by the Lol system (To-
kuda andMatsuyama, 2004). Mislocated proteins that can
access the sensor domain of CpxA or CpxP may induce
activation of the Cpx pathway (Miyadai et al., 2004).–976, August 2007 ª2007 Elsevier Ltd All rights reserved 973
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The structural investigation of NlpE from E. coli elucidated
a two-barrel architecture and a detailed arrangement of
characteristic motifs. Chemically active cysteines as well
as the unexpected 3D structural deformation suggest
that NlpE possesses an intrinsic structural instability at
the N-terminal b barrel. The structural features indicate
that tertiary and/or quaternary structural instability is es-
sential for NlpE-mediated Cpx pathway activation, be-
cause the protein has to detect the stresses before other
proteins.
EXPERIMENTAL PROCEDURES
Cloning and Mutagenesis
To construct a nonlipidated mutant of NlpE, a Cys-to-Ala substitution
was introduced at position 1 of the mature region and a C-terminal His
tag, as described previously (Matsuyama et al., 1997; Miyadai et al.,
2004). The mature region of the constructed NlpE consists of 233 res-
idues, and its estimated molecular weight is 25.6 kDa. To construct
C31S, C34S, C31SC34S, C145S, C211S, and C145SC211S mutants,
site-directed mutagenesis experiments were conducted on a plasmid
containing the nlpE gene by using the QuickChange kit (Strategene,
USA) according to the manufacture’s protocol.
Overexpression and Purification
Expression plasmids of NlpE, NlpE-C31S, -C145S, and -C211S were
transformed into E. coli K-12 strain MC4100 cells. Expression plas-
mids of NlpE-C34S, -C31SC34S, and -C145SC211S were trans-
formed into E. coli K-12 strain DH5a cells. Cells were grown at 37C
with aeration in Luria-Bertani (LB) broth. The antibiotic ampicillin
(50 mg/ml) was used for the selection of plasmid-containing cells.
NlpE and its mutants were prepared from the periplasmic fraction by
using a previously reported method with slight modification (Mat-
suyama et al., 1995). TALON resin (BD Biosciences, USA) was packed
into a (10/150) column and then washed with a washing buffer contain-
ing 50 mM sodium phosphate (pH 7.2) and 0.3 M sodium chloride. The
periplasmic fraction containing NlpE or its mutants was applied onto
the column and was washed with washing buffer. The binding proteins
were eluted with an elution buffer containing 50mMsodium phosphate
(pH 7.2), 0.3 M sodium chloride, 10% glycerol, and 250 mM imidazole.
The eluted proteins were concentrated to less than 50ml by centrifugal
filter devices (Amicon, USA). All of the proteins were further purified by
application onto an HA column (TOSOH, Japan) equilibrated with
25 mM potassium phosphate (pH 7.5), 10% glycerol, and 0.01 mM
calcium chloride. The eluted proteins were equilibrated with 25 mM
potassium phosphate (pH 7.5) and 10% glycerol, followed by concen-
tration with an Amicon ultracentrifugal filter device.
Selenomethionine-labeled proteins were produced in the methio-
nine-auxotrophic E. coli strain P4X8 (Hfr P4X lmetB1) as previously
reported (Takeda et al., 2003). Cells were grown at 37C in minimal
medium containing selenomethionine, and proteins were purified
with the same protocol as for unlabeled NlpE.
Determination of the Cysteines that Have Free Thiol Groups
NlpE was incubated at 37C for 10 min in either the absence or pres-
ence of 5 mM tris(2-carboxyethyl)phosphine (TCEP). Maleimidylpropi-
nylbiocytin (5 mM) was added to these samples, and incubation con-
tinued at the same temperature for 60 min. Then, these samples
were subjected to trichloroacetic acid (TCA) precipitation, followed
by SDS-PAGE separation under nonreducing conditions. Gels were
blotted to PVDFmembrane, and streptavidin-HRPwas used for detec-
tion of biocytinylated cysteines. NlpE and six cysteine mutants were
separated by 15% SDS-PAGE under nonreducing conditions. NlpE
and its mutants (20 mg) were incubated at 37C for 60 min in the ab-
sence or presence of 8 mM 2-ME in the reaction volume of 20 ml. Sub-974 Structure 15, 963–976, August 2007 ª2007 Elsevier Ltd Allsequently, 2 mg proteins were separated on a 15% SDS-PAGE gel and
detected by CBB staining.
Size-Exclusion Chromatography
The molecular weight of NlpE in solution was determined by size-ex-
clusion chromatography on a Superdex 200 column (GE Healthcare,
USA), which had been preequilibrated with 50 mM Tris-HCl (pH 7.5)
and 150 mM sodium chloride. Then, 100 ml protein (5 mg/ml) was
loaded onto the column and eluted with the same buffer at a flow
rate of 0.3 ml/min at 4C. Ribonuclease A, chymotrypsinogen A, oval-
bumin, and albumin (LMWCalibration Kit; GE Healthcare, USA) served
as marker proteins. Based on these standard proteins, the molecular
weight of NlpE was estimated to be 36.7 kDa.
SDS- and Native-PAGE for Examination of the Effect of Sodium
Ascorbate and Copper Ion
Purified NlpE proteins (0.5 mg/ml) were incubated in 50 mM Tris-HCl
(pH 7.5) for 60 min at 37C in the absence or presence of 1–10 mM
CuCl2, in the absence or presence of 1–100 mM sodium ascorbate,
or in the absence or presence of 50mM 2-ME. These samples were di-
vided into two parts for SDS- and Native-PAGE analyses. For the SDS-
PAGE experiment, the samples were mixed with sample buffer without
2-ME and boiled at 95C for 5 min. Then, the samples were separated
by 13% SDS-PAGE. Native-PAGE was performed by using a 10% gel
at 20C. Both gels had 5% stacking gels and were stained by CBB.
Crystallization
Crystallization was performed by using the sitting-drop vapor-diffusion
method at 25C. Tetragonal crystals of the unlabeled protein were ob-
tained by mixing 1.0 ml protein solution (25 mg/ml) with an equal vol-
ume of reservoir solution (Hirano et al., 2006). Each drop was equili-
brated against 600 ml reservoir solution containing 14% polyethylene
glycol (PEG) 8000, 50mM sodium citrate (pH 4.0), 160mM zinc sulfate,
and 40%D-sorbitol. Crystals of the unlabeled protein were transferred
to reservoir solution supplemented with 2 mM samarium acetate 15 hr
before data collection. Crystals of the selenomethionylated protein
were obtained in 14% PEG 8000, 50 mM sodium citrate (pH 4.2),
70 mM zinc sulfate, and 40% D-sorbitol.
Data Collection, Structure Determination, and Refinement
For cryogenic data collection, crystals were flash cooled in a nitrogen-
gas stream at 183C. An annealing protocol (Yeh and Hol, 1998) im-
proved the diffraction limits from 7 A˚ resolution to 3 A˚ resolution. All
datawere collected at beamline BL44B2 of SPring-8 by using an ADSC
Quantum 210 detector. Four-wavelength MAD data sets were col-
lected with a single selenomethionylated crystal.
All data were processed and scaled with DENZO and SCALEPACK
of the HKL program package (Otwinowski and Minor, 1997). Thirteen
of a possible 16 selenium sites for 2 NlpE molecules in the asymmetric
unit were found by SHELEXD (Schneider and Sheldrick, 2002) by using
anomalous signals from the peak wavelength data. Experimental
phases were calculated and refined at 4.0 A˚ resolution by using CNS
(Brunger et al., 1998). Solvent flipping improved the initial electron den-
sity map, and phase extension was performed to 3.1 A˚ resolution. To
trace the polypeptide chain confidently from the initial electron density
map after density modification, the experimental amplitudes were
sharpened by applying the equation Fsharp = Foexp(Bsharp[sinq/l]2),
where Fo and Bshrap represent the observed amplitude and sharpening
B factor, respectively (DeLaBarre and Brunger, 2006). When Bsharp =
50 A˚2 was applied, the resulting electron density mapmost clearly in-
dicated the positions of some side chains. Ca positions were fit into the
electron density until80% of all residues were traced, and a polyala-
nine model was constructed along the Ca chains. Chain tracing and
subsequent manual model building were performed with XtalView
(McRee, 1999). The initial model consisted of two closed monomers
with an approximate two-fold noncrystallographic symmetry (NCS).
The 3.1 A˚ data set collected at the low remote wavelength was used
for model refinement with CNS. The initial model was subjected torights reserved
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Crystal Structure of NlpEsimulated annealing and domain or group B factor refinement with
two-fold NCS restraints. After iterative cycles of model building and re-
finement of the positional and thermal parameters, Rwork and Rfree
were converged to 26.5% and 33.6%, respectively. Then, the refine-
ment data set was replaced with that of selenomethionylated NlpE
(at 2.6 A˚ resolution). Several cycles of simulated annealing and individ-
ual B factor refinements were carried out without NCS restraints. In this
stage, the domain-swapped dimer was confirmed by the sA-weighted
Fo  Fc electron density map calculated by omitting residues Glu108–
Asn112 of the two chains. The arrangement of the C-terminal domains
relative to the N-terminal domains was also confirmed by a sA-
weighted Fo Fc electron density map calculated by omitting residues
Thr114–Met124 of each chain. In the final model, Rwork and Rfree are
22.4% and 27.0%, respectively. The data for unlabeled NlpE were pro-
cessed in a similar fashion as the selenomethionylated data, and Rwork
and Rfree at 40 –2.8 A˚ resolution became 24.1% and 27.9%, respec-
tively. A total of 5% of reflections were selected as matching between
all data sets and were set aside for free R factor calculation. Statistics
from phasing and refinement are provided in Table 1. The stereochem-
ical qualities of the final models were assessed with PROCHECK
(Laskowski et al., 1993) and are also shown in Table 1. Figures were
prepared with PyMol (DeLano, 2002). The surface potentials of the
C-terminal domain of NlpE and the N-terminal domain of AspRS
were calculated by using the Poisson-Boltzmann equation imple-
mented by the Adaptive Poisson-Boltzmann Solver (Baker et al., 2001).
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